UNITED  STATES  ATOMIC  ENERGY  COMMISSION 

AECD-2739 

ABSORPTION  OF  y -RAYS 
By 

W„  S=  Snyder 
Jo  Lo  Powell 

NAVY  RESEARCH  SECTION 
SCIENCE  DIVISION 
REFERENCE  DEPARTMENT 

'  nONRRFSS 


Technical  Information  Division,  ORE,  Oak  Ridge,  Tennessee 


THIS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNffICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


Issuance  of  this  document  does  not  constitute 
authority  for  declassification  of  classified 
copies  of  the  same  or  similar  content  and  title 
and  by  the  same  authors. 

Beproduced  direct  from  copy 
as  submitted  to  this  office. 


ABC,  Oak  Ridge,  Tenn.,  8-25"50-900“A12879 


•SSL-421 


This  report  ip  issued  jointly  by  the  ORNL  Health  Riysics  QlTision 
•where  the  project  was  initiated  by  one  of  us  (vr,S,S.)»  and  by  the  ORHL 
Suimner  Shielding  Session  where  the  work  was  continued »  Participants  in 
the  ORSL  Summer  Shielding  Session  are  drawn  from  Nuclear  Se'relopment 
Associates  (Savy  contract),  HBPA,  Bureau  of  Ships  and  Bureau  of  Aero¬ 
nautics  (Navy  Department),  ABC,  RAND,  General  Electric,  Argeane  and 
Oak  Sidge  National  Laboratory, 


33iese  reports  are  issued  through  OIIHL  on  Contract  No,  W-7405-eng-2«. 


-3- 


t 

\ 


ABSORPTION  OF/-  RAYS 
Jo  Lo  Powell  and  Wo  S.  Snyder 

In  the  evaluation  of  experiments  on  /-ray  attenuation  and  in  the  general 
problem  of  shield  design  it  is  necessary  to  hare  acoiirate  knowledge  of  absorp¬ 
tion  coefficients  as  a  function  of  %ray  energy  and  of  atomic  number 9  Sren  a 
cursory  examination  of  the  literature  rereals  suprisingly  large  disorepanoeis 
among  the  values  quoted  by  various  authors j  differences  of  five  or  ten  percent 
of  the  total  coefficient  being  not  unoommono 

An  attempt  is  made  here  to  compile  a  table  of  coefficients  which  is  rep¬ 
resentative  of  the  best  experimental  data  available  at  the  present  time,  and 
to  give  an  estinate  of  the  accuracy  of  the  values  giveno  Except  for  a  quite 
limited  range  of  the  variables  involved,  it  has  been  found  that  theoretical 
formulae,  as  given  in  standard  textbooks,  cannot  in  general  be  relied  upon 
to  give  the  absorption  coefficients  with  an  accuracy  of  five  percent  0  This 
seems  to  be  attributable,  in  most  cases,  to  various  approximations  which 
enter  the  theoretical  calculations  of  orcss-seotions  for  photoelectric  ab¬ 
sorption  and  for  pair  productions 
Photoelectric  Effect 

According  to  the  theory  of  photoelectric  absorption,  as  given  by  Heitler 
the  photoelectric  cross-section  is  proportional  to  2®,  where  Z  is  the  atomic 
number o  This  result  is  based  upon  a  calculation  which  takes  account  of  the  K 
electrons  onlyo  Also,  the  assumption  is  made  that  the  K  electron  is  adequately 
described  by  a  hydrogen-like  wave  functiono  As  a  consequence,  no  account  is 
taken  of  the  effect  of  the  outer  shells,  even  as  regards  their  influence  on 
the  K  electron..  For  example,  the  K  absorption  limit  comes  out  at  2  x  13 ,5  ev 
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in  this  theory,  a  value  which  is  known  from  experiment  to  be  too  high  for 
heavy  elements.  It  seems  possible  that  the  calculated  cross-section  for 
lead  could  be  as  much  as  10%  in  error  due  to  this  approximation.  The  influence 
of  the  nuclear  Coulonib  field  on  the  photoelectron  is  discussed  by  Heitler,  and 
the  result  of  an  exact  non-re la tiristio  calculation  by  Strobbe^^^  is  given  in 
the  form  of  a  correction  factor  which  should  be  applied  f  or  energies  near  the 
K-absorption  limit.  This  factor  is  0.12  at  the  K-absorption  limit,  and  at  an 
energy  of  50  times  the  absorption  limit  is  0.66 .  Even  for  the  element  aluminum, 
this  ’’Coulomb  factor”  is  still  appreciably  smaller  than  unity  when  the  y'~r&y 
energy  is  1  Mev.  However,  the  non-relativistio  calculation  of  Strobbe  is  not 
correct  except  for  energies  which  are  small  compared  to  the  rest  energy  of  the 
electron  (— 1/2  Ifev) 

A  relativistic  calculation  by  Sauter^®\  in  which  the  influence  of  the 
Coulomb  field  on  the  photoelectron  is  neglected  (Born  approximation) ,  leads 
to  a  formula  which  is  adequate  to  describe  the  cross-sootion  due  to  K-eleotrons. 
for  light  elements  and  high  T^ray  energy.  The  restriction  to  light  elements  is 
due  to  the  use  of  the  Born  approximation,  which  is  valid  only  if  2«137. 

A  smooth  transition  from  the  non-relativistio  region  in  the  neighborhood 
of  the  K  absorption  limit  to  the  extreme  relativistic  region  may  be  obtained 
from  Sauter’s  formula  by  multiplying  it  by  the  correction  factor  of  Strobbe. 

Since  the  correction  is  still  appreciable  at  relativistic  energy,  this  procedure 
is  not  theoretically  justified,  but  it  nevertheless  seems  to  be  a  reasonable 
approxination  for  light  elements  6  At  high  energy  the  Compton  effect  contributes 
the  major  part  of  the  total  cross-section  for  light  elements  so  that  a  relatively 
large  error  in  the  photoelectric  cross-section  may  be  tolerated. 
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For  ho*-»y  olemontOs  the  above  approximations  are  not  valido  Exact  cal- 

(4) 

oulations  hare  been  made  by  Hulme'  '  and  oo-workere  at  energies  up  to  2  Ibr, 

The  results  of  these  calculations  are  given  in  Figo  Is  which  is  taken  from 
reference  io  It  is  evident  from  these  graphs  that  the  theory  based  upon  the 
Born  approximations  which  leads  to  the  law*  gives  at  best  an  order  of  nag- 
nitude  estimate  of  the  actual  photoelectric  cross-seotioiio 

'  Finallys  it  should  be  mentioned  that  all  of  the  above  theoretical  work 
has  dealt  with  the  photoelectric  effect  in  the  K-shell  onlyo  In  most  oases 
the  effect  of  the  other  electronic  shells  has  been  estimated  from  the  empirical 
rule  that  the  K-shell  is  responsible  for  about  B0%  of  the  total  absorptiono 
Some  theoretical  justification  for  this  rule  has  been  obtained  by  Hall  and 
Barita^®^s  i»bo  calculated  the  cross-section  of  the  L  electrons  in  lead  at 
X*  4o7  XoTJo  with  the  result ®  o20» 

On  account  of  the  complexities  discussed  above,  it  is  difficult  to 
emluate  theoretical  calculations  as  to  the  acouiracy  with  which  they  will  give 
the  photoelectric  cross-section  for  a  given  element  at  a  given  “J^ray  energy. 

In  general,  it  is  found  that  the  existing  theoretical  calculations  are  confirmed 
by  experiment  within  rather  narrow  limits,  but  errors  of  the  order  of  ten  per¬ 
cent  in  the  cross-section  may  be  expected  in  some  oases,  particularly  for  heavy 
elements , 

It  has  been  fousad  from  experiments  x-ray  wave  lengths  that  the 

photoelectric  absorption  coefficient  is  well  described,  for  a  limited  range  pt 
Z,  by  empirical  formula 

in  which  p  is  a  rather  slowly  varying  function  of  the  energy.  In  the  neighborhood 
of  the  K-absorption  limit,  pjsdd.  This  formula  is  not  applicable  over  the  entire 


range  of  Z,  but  a  good  approximation  can  be  obtained  by  dividing  the  range 
into  two  parts  and  evaluating  p  for  eacho  In  the  present  work  the  division 
was  made  at  Z^40o  This  procedure  is  valuable  for  purposes  of  interpolations 

Compton  Effect 

The  contribution  to  the  total  absorption  coefficient  which  is  duo  te 
electron  scattering  is  given  by  the  Klein-Mshina^®^  formula.  This  theoretical 
formula  applies  to  scattering  by  free  electrons  only.  However,  since  the  binding 
energies  of  atomic  electrons  are  in  general  quite  small  compared  to  the  ‘^''-ray 
energies  which  are  of  interest  here,  one  is  justified  in  neglecting  the  effect 
of  binding. 

The  Klein-Mshina  formula  is  of  a  universal  nature,  since  the  Compton 
oross~seotlon  is  rigorously  proportional  to  Z,  so  that  a  single  detailed  cal¬ 
culation  is  sufficient  to  give  the  Compton  cross-section  for  all  elements. 

Pair  Production 

At  energies  above  1  Mev  the  production  of  electron-positron  pairs  in  the 
Coulomb  field  of  the  nucleus  makes  an  important  contribution  to  the  ?^-ray  ab¬ 
sorption,  A  thorough  theoretical  discussion  of  this  effect  has  been  given  by 

(o') 

Bethe  and  Heitler'  who  calculated  the  pair  production  cross-section  using 
the  Born  approximation,  in  which  it  is  assumed  that  the  pair  electrons  may  be 
treated  as  free  particles.  This  approximation  is  expected  to  fail  for  heavy 
elements,  and  it  is  generally  assumed  to  be  accountable  for  discrepancies  whioh 
have  recently  been  found  in  comparing  experimental  to  theoretical  cross-sections 
at  energies  above  10  Msv, 

For  energies  well  above  the  threshold,  it  is  necessary  to  include  the 
effect  of  screening  of  the  nuclear  Coulooib  field  by  the  atomic  electrons. 
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rfcthcp  coinplic®'b®d  formul®'®  of  Both®  and  Haitlor  haTO  boon  approximabod 

(IS) 

in  a  simple  mannor  by  Hough'  » 

For  small  -valuos  of  Z,  for  which  the  Born  approximation  is  Talid*  the 
theoretical  formulae  have  been  well  confirmed  by  experiment,  and  accurate 
crosS“8ections  may  be  obtained  from  them  with  a  moderate  amount  of  calculationo 
Reliablo  theoretical  formulae  do  not  exist  for  largo  2  values,  and  it  is  neces¬ 
sary  to  rely  practically  entirely  on  experimental  results  in  this  regiono 
The  Bethe-Heitler  formula  gives  a  cross-section  for  lead  which  is  about  10^ 
too  large  for^-ray  energies  in  the  range  10  to  100  Hfevo 

In  addition  to  the  principal  effect  of  pair  production  in  the  nuclear 

Coulomb  field,  there  is  a  small  contribution  due  to  pair  production  in  the 

(14) (15) (16) 

fields  of  atomic  electrons,  which  is  approximately  proportional  to  2o 
Provisionally,  this  nay  be  included,  at  least  as  to  order  of  magnitude,  by 
replacing  the  of  the  Bethe-Heitler  formula  by  Z(Z+l)o  More  accurate  esti¬ 
mates  of  this  effect  are  given  in  the  references  cited,  but  for  the  purposes 
of  interpolation  in  Z,  the  above  prescription  is  adequate » 

Experimental  Values 

In  Ihble  I  are  given  the  experimental  absorption  coefficients  which  are 
the  basis  of  the  more  complete  Thble  II o 

The  data  of  Cuykendall  and  Jones  are  included  as  being  the  most  complete 
and  representative  of  modern  experiments  in  the  X— ray  regions  Much  of  the  data 
of  these  experimenters,  which  relates  to  the  low  energy  region  in  the  neighbor¬ 
hood  of  the  absorption  limit,  has  been  omitted,  since  it  is  of  minor  importance 
for  shielding  applications.  The  data  of  Cowan  are  the  results  of  extensive  experi- 

I 

ments  using  radioactive  souces  of  :^rays  and  a  Geiger-Muller  tube  as  detector,  | 
The  energy  range  is  o32  i;o  2o3  MeTo  Go  Do  Adams'^  work  waii  done  with  the  Illineie^ 
betatron  losing  threshold  detectors  which  were  sensitive  to  a  small  portion  of  i 
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the  spectrum  at  the  high  energy  limit »  Copper,  iron  and  carton  detectors  were 
used,  giving  average  energies  at  11 o04,  13o73  and  19,1  Ifevo  The  17»6  Ifev  y-rays 
from  the  reaction  Li'^(p,7)  Be®  were  used  by  Rc  L,  Walker  in  very  careful  measure¬ 
ments  of  the  cross-sections  for  C,  Al,  Cu,  Sn,  and  Pb.  The  detecting  device  in 
these  experiments  was  a  magnetic  pair  spectrometer  which  made  it  possible  to 
eliminate  a  background  of  lower  energyy-rays  „  The  data  of  Lawson  at  88  Mev  were 
obtained  using  the  88  Ifev  T’-rays  from  the  G.  Eo  betatron  and  a  pair  spectrometer 
as  detector o 

Both  Cowan  and  Adams  report  their  observed  absorption  coefficients  in 
iinits  of  cm“^,  and  it  was  necessary  to  convert  them  to  the  units  used  here  by 
dividing  by  the  density  of  the  material.  The  densities  assumed  are 

Al  2,7  g/om® 

Fe  7,85 
Cu  8,89 
Sn  7,18 
Pb  11,1 

A  small  error  may  have  been  introduced  in  this  conversion  of  the  data,  bub  it 
is  not  likely  that  it  is  larger  than  Z%c 

Adjustment  of  Theoretical  Curves 

The  data  of  Table  II  and  the  curves  in  Supplement  I  were  obtained  by  adjust¬ 
ment  of  theoretical  cxirves  to  fit  the  experimental  data  of  Table  I,  llie  formulae 
for  photoelectric,  Compton  and  pair  production  cross-sections  as,  giyen^by  Heitler, 
were  used  to  compute  ^theoretical*  cross-sections  for  the  various  elements.  The 
relativistic  (Sauter)  formula  for  the  photoelectric  cross-section  was  used  in 
conjunction  with  the  Coulomb  correction  factor  as  discussed  above.  The  Compton 
cross-sections  were  computed  exactly  from  the  Klein-Nishina  formula  except  that 
no  correction  was  made,  even  at  the  lowest  energies,  for  electron  binding.  The 
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•■'B»©ie“>Seitler  pair  production : formula  used,  inoluding  the  shielding  eff<iot 
at  high-enirgies;.*'  The  latter  fe3,,JLfeterj)'eiat  'from  •c'lir-ve's  giTOn-hy  Heitler 
(pc  ‘20l).  The  effect' of  pair  pro4uotioo!;ln' t^e  electronic  fields ..T^^'-^aluded 
by  replacing  4;h'e,.?^  'o'f'''^e  Bethe-Seitler*  formula  by  'Z(Z+i)o  ’  ■  '  '  ''■ 

It  is  clear- tha-t  -these  calculations  are  not  sufficiently  accurate  to  provide 
a  comparison  be^eeii  experiment  and  the  or  yo  Nevertheless  it  -was  found  that  for 
the  light  elements,  Sogo,  Al,  the  values  given  by  the  formulae  were  in  close 
agreement  with  experimen-fcal  results  <>  For  larger  -values  of  Z  the  agreement  is 
progressively  worse,  and  in  the  case  of  lead  it  was  found  that  the  calculated 
-values  were  larger  than  the  experimental  by  about  10%  over  the  range  1  to  100  Ifev. 
In  the  photoelectric  region,  the  agreement  for  lead  is  much  better  than  at  the 
higher  energies.  This  is  undoubtedly  fortuitous,  since  the  intermediate  values 
of  Z,  (e,go,  Sn),  the  formulae  give  coefficients  which  are  appreciably  smaller 
than  the  experimen-tal  -values , 

In  the  construction  of  the  final  curves,  the  elements  Al,  Cu,  Sn  and  Pb 
were  selected  as  reference  elements,  since  most  experimental  information  is 
a-vailable  for  these.  The  experimen-fcal  points  were  plotted  and  compared  to  the 
calculated  curves,  which  were  then  adjusted  graphically  to  fit  the  experimental 
data. as  closely  as  possible.  In  -Uiis  -way,  the  formulae  were  made  to  serve  as 
a  means  of  interpolation  for  energy  ranges  which  were  not  covered  by  experiment. 

In  the  case  of  Al,  practically  no  significant  adjustment  was  necessary,  and  for 
Cu  and  Sn,  only  small  corrections  were  required,  principally  at  low  energy. 

The  -values  for  the  elements  Fe,  Ag,  Ta  and  U  were  interpolated  from  the 
results  for  the  reference  elements  by  first  subtracting  the  calculated  Compton 
coefficient  (Supplement  2)  and  then  adjusting  the  remaining  photoelee-bric  and 
pair  production  parts  by  the  semi —empirical  methods  discussed  above. 
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For  X-r*y  energies  the  exponent  p  was  obtained  from  the  work  of  Cuykendall^®) 
and  Jones^^^.  This  is  given  explicitly  by  Jones  for  2>40,  and  may  be  computed 
easily  from  the  data  of  Cuykendall  for  Z<40  (see  Table  S)o  The  variation  of 
p  is  not  great  in  the  energy  range  xmder  considerationj  and  reasonably  good  ex¬ 
trapolations  can  be  made,  udiich  compare  well  with  the  results  of  Hulme  et  al,  at 
higher  energies c  Hulme's  results  apply  to  the  range  «4  to  2  Ifev  and  can  be  ob¬ 
tained  directly  from  the  graph  of  Pigo  !» 

The  pair  production  oross-seotions  were  in  all  oases  assumed  to  be  pro¬ 
portional  to  Z(Z+l)j  which  is  apparently  quite  a  good  approximation  for  small 
ranges  of  Z,  as  can  be  seenj  for  example j  by  comparison  of  the  Fe  curve,  which 
was  based  on  Cu,  to  the  experimental  results  of  Adams  at  11,  14  and  19  Ifevo 

In  all  cases,  the  adjusted  curves  give  the  experimentally  observed  coeffi¬ 
cient  to  within  Z%  of  the  total.  In  those  regions  where  experimental  data  are 
not  available,  it  is  possible  that  the  interpolated  curves  are  less  accurate, 
but  it  seems  unlikely  that  the  error  should  exceed  5%„ 

It  would  be  of  great  value  to  have  ftxrther  experimental  data  for  uranium, 
since  the  values  given  here  for  that  element  have  been  extrapolated  from  lead 
over  a  relatively  large  interval  in  Z,  Also,  the  intermediate  range  of  energies' 
in  the  neighborhood  of  the  minimum  absorption  for  lead  have  not  been  adequately 
investigated  experimentally. 

In  Supplement  2  are  plotted  absorption  coefficients  for  elements  lighter 
than  Al,  These  are  the  results  of  calculations  from  the  formulae  described 
above.  Practically  no  experimental  data  are  a-vailable  for  these  elements,  but 

very  good  check  obtained  for  aluminxan  justifies  the  belief  that  the  formulae 

/ 

are  correct  in  this  region. 

Supplement  3  and  Supplement  4  give  the  mass  absorption  coefficients  minus 
Compton  scattering. 
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Table  II.  Absorption  Cooffiolonts  (cm^/g)  (Adjusted) 
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,0395 

,0404 

,0393 

.0409 

,0449 

,0470 

3.0 

,0345 

,036 

,036 

,0411 

4.0 

.0311 

0  033  X 

,0333 

.0361 

,0366 

,0390 

,0412 

.0442 

7,0 

,0252 

,0302 

.031 

,0368 

,0368 

.0422 

,0460 

,0483  ^ 

10,0 

.0230 

,0304 

,0316 

,0390 

,0392 

.0462 

,0495 

,0536 

20,0 

.0214 

,0331 

,0352 

,0474 

,0483 

,0601 

,0645 

.0706 

40,0 

,0229 

,0384 

,0413 

,0572 

o058S 

,0738 

,0800 

,0890 

70,0 

,0242 

,0421 

,0466 

,0634 

,0650 

,0812 

.0885 

,0970 

100,0 

,0249 

.0431 

,0468 

,0662 

,0680 

,0830 

,0903 

,0993 

.072 

1,00 

, 

5,0 

,032 

,0425 

16,0 

,0335 

,0586 

,197 

; 

1.0 

,25 

.600 

30,0 

.0750 

60,0 

,084 
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TABLE  3 


Exponent  for  Photoelectric  Effect 
Eatimated  from  Reference  6  (Z<40) 


Msv 

P 

o06 

4.14 

.08 

3.96 

.10 

3.82 

ol2 

3.72 

.14 

3.66 

.16 

3.61 

.18 

3.68 

.20 

3.56 

Exponent  for  Photoelectric  Effect  (Z>40) 
Reference  7 


X(xu) 

Mbv 

P 

140 

.0882 

3.51 

130 

.095 

S  o64 

120 

.103 

3.62 

110 

,112 

3.68 

100 

,123 

3.69 

90 

,137 

3.69 

80 

,166 

3.73 

70 

.176 

3.84 

60 

.206 

3.88 

60 

.247 

3.84 
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